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• Convene a WG supporting the development of “the "perfect" high-

energy photon detector: next generation performance in energy, 

position, direction and timing measurements in a high-rate 

environment.” 

• Thus this is a view of the Project X (and pre-Project X) world through 

calorimeter-colored glasses 

Assignment for DH/MD 
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• Muons 

–   

– improving limits as well as improving the precision of branching fraction, 

conversion rate and g-2 measurements 

• Kaons 

–   

– improving limits (KL) and/or making branching fraction measurements 

(K+) (KL)  

•         oscillations 

All these experiments pose different design and performance 

constraints on calorimeter requirements 

  Efficiency, energy resolution, spatial resolution, angular resolution, 

time resolution, rate capability, radiation hardness, cost 

 Energy range is MeV to GeV  (this is not the LHC or ILC) 

 
 

Experiments with calorimeters (or not) 

  -2, ,e g e e e e            conversion,

0 0,
L

K K     

nn

I will discuss the physics objectives only in the sense of the derived requirements 
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Parallel sessions 

6 

 

Sat 

Mon 

+Wed    June 20        Organization for writing of FWP document(s) 

K 

nn
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Example Power Staging Plan for the Research Program 

  

 

 

Program: 

 

 

 

Onset of  NOvA 

operations in 2013 

Stage-1: 

1 GeV CW Linac 

driving Booster & 

Muon, n/edm programs 

Stage-2:   

Upgrade to 3 

GeV CW Linac 

Stage-3:   

Project X RDR 

 

Stage-4:  

Beyond RDR:  

8 GeV power 

upgrade to 4MW 

MI neutrinos 470-700 kW** 

 

515-1200 kW** 

 

1200 kW 2450 kW 2450-4000 kW 

8 GeV Neutrinos 15 kW  + 0-50 kW** 0-42 kW* + 0-90 kW** 0-84 kW*  0-172 kW*  3000   kW  

8 GeV Muon program  

e.g, (g-2),  Mu2e-1 

20 kW  0-20 kW*  0-20 kW*  0-172 kW*  1000   kW  

1-3 GeV Muon 

program, e.g. Mu2e-2 

 ----- 80 kW 1000 kW 1000 kW 1000   kW 

Kaon Program 0-30 kW**  

(<30% df from MI) 

0-75  kW** 

(<45% df from MI) 

1100 kW 1870 kW 1870   kW  

 

Nuclear edm ISOL 

program 

 none 0-900 kW 0-900 kW 0-1000 kW  0-1000 kW 

Ultra-cold neutron 

program 

 none  0-900 kW 0-900 kW 

 

0-1000 kW  0-1000 kW 

Nuclear technology 

applications 

 none 0-900 kW 0-900 kW 0-1000 kW  0-1000 kW 

  

# Programs: 

 

     4 

  

      8 

  

     8 

  

     8 

  

     8 

  

Total max power: 

  

735 kW  

  

2222 kW  

  

 4284 kW 

  

 6492  kW 

  

11870kW 

~8 kW 
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• Bill Molzon reviewed the MEG experience & extrapolation 

• Fritz Dejongh discussed a new idea for a next generation experiment 

that converts the photon 

– Measures three charged tracks 

– Baseline concept does not use a calorimeter 

• DH discussed Mu2e 

• Peter Winter discussed g-2  

Muon experiments 
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MEG status 

Bill Molzon 
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MEG signal and background signatures 

Bill Molzon 
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MEG Lxe calorimeter 

Bill Molzon 
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MEG LXe calorimeter 

Bill Molzon 
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Advantages and disadvantages of an LXe calorimeter 

Bill Molzon 
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Pileup removal 

Bill Molzon 
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Potential calorimeter upgrades 

Bill Molzon 
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MPPCs for the front face of the calorimeter 

Bill Molzon 
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MEG summary 

Bill Molzon 
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• Existing branching fraction limits 

e+  with converted  

Fritz Dejongh 
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Sensitivity goals with Project X cold  beam 
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A simple geometry seems plausible 

Needs square meters of pixels 
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Issues 

• Need target extended 

in z ( 150 cm), since  

 is pointing to potential 

vertex from a long distance 

• TOF? 

• Calorimetric confirmation? 
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Mu2e         Search for   e conversion at 10-16 

Production Solenoid 
Detector Solenoid 

Transport Solenoid 

Production Target 
Tracker 

Calorimeter 

Proton Beam 

4.6 T 

2.5 T 

2 T 

1 T 

1 T 

Cosmic Ray Veto not 

shown 

Production Solenoid 

• Production target 

• Graded field 

Detector Solenoid 

• Muon stopping target 

• Tracker 

• Calorimeter 

• Warm bore evacuated 

to 10-4 Torr 

 

Transport Solenoid 

• Collimation system selects muon charge and  

momentum range 

• Pbar window in middle of central collimator 

• Delivers ~ 0.0016 stopped  

per incident proton 

• 1010 Hz of stopped muons 
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Calorimeter requirements 
 

The purpose of the calorimeter is to confirm that a reconstructed track of a   e 
conversion electron candidate is well-measured, and was not created by a spurious 
combination of hits in the tracker. 

 
1. Measure the position of the conversion electron  σ(x)  ≤ O(1 cm). 

 
2. Compare the energy deposited in the calorimeter to the reconstructed track 

momentum  σ(E) ≤ O (2%), with an uncertainty in the energy scale small 
compared to the resolution. 
 

3. Compare the time of the energy deposit in the calorimeter to the time 
determined from the tracker  σ(t) O (≤1 ns). 
 

4. Provide particle identification to separate, for example, electrons from muons. 
 

5. Provide a trigger that can be used for event selection 
 

6. Maintain functionality in a 50 Gy/year radiation environment with light yield  
loss < 10% 
 
 
 

Requirements met by an array of  2100 LYSO crystals (11 X0) 
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Calorimeter - vane design 

Number of vanes 

and vane length 

Tilting the vanes 

B. Echenard 
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Calorimeter - Disk Geometry 

 Alternate geometry: two discs separated 

by ½ wavelength of the helical trajectory 

of the conversion electron  

 Provides greater efficiency for a given 

crystal volume and substantially higher 

efficiency (84% of good tracks in the 

fiducial volume) than the vane geometry 

 The disks face the target  photon and  

neutron background from muon capture is seen head on.  

Works for e e e   
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Time structure of the Mu2e beam 

Required extinction < 10-10 

Muon nuclear capture  
and Decay in Orbit (DIO) 
Muon capture on Al  has two  
dominant final states:  
 - nuclear capture, ~ 60%  n, p,  
 - muon DIO, ~ 40%  high energy  
    tail is an irreducible background  
    to  to e conversion. Suppressed 
    by excellent momentum resolution  

Radiative Pion Capture 
Negative pions stopped in the Al target: 
               - N →  N Z-1,  → e+e- 
About 2 x 10-4 decay electrons are in the 
momentum signal region for 3.6 x 1020  pot 

 

Prompt beam-related background 
Suppressed by a delayed “live”  
window which starts about 670 ns after 
the beam pulse. 

 

Project X CW linac allows further optimization of this time structure 

(shorter pulse, for example) – Steve Holmes presentation 
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• Crystal hits in a microbunch 

 

 

 

 

• Crystal hits in live window (t > 700ns) 

 

Calorimeter hit rates (vanes) 

 

 

Total crystal 

hits (Rate in 

MHz) 

 

 

Hits from  

generated n 

Hits from 

tracks born 

outside the 

vanes 

(sec neutrons 

+ γ) 

Hits from 

tracks born in 

other vanes 

(electrons + 

γ) 

Hits from 

showers only 

(electrons + γ 

+ HI) 

Hottest crystal rate 

(MHz) 

B050 768 (454) 0.5 245 9 512 2.2 (Raw 5 Col 1) 

Total crystal 

hits (Rate in 

MHz) 

Hits from  

generated n 

Hits from 

tracks born 

outside the 

vanes 

(sec 

neutrons + γ) 

Hits from 

tracks born in 

other vanes 

(electrons + 

γ) 

Hits from 

showers only 

(electrons + γ 

+ HI) 

B050 500 (503) 0 147 6 348 
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Can the Mu2e calorimeter function at Project X? 
 

The purpose of the calorimeter is to confirm that a reconstructed track of a   e 
conversion electron candidate is well-measured, and was not created by a spurious 
combination of hits in the tracker. 

 
1. Measure the position of the conversion electron  σ(x)  ≤ O(1 cm). 

 
2. Compare the energy deposited in the calorimeter to the reconstructed track 

momentum  σ(E) ≤ O (2%), with an uncertainty in the energy scale small 
compared to the resolution. 
 

3. Compare the time of the energy deposit in the calorimeter to the time 
determined from the tracker  σ(t) O (≤1 ns). 
 

4. Provide particle identification to separate, for example, electrons from muons. 
 

5. Provide a trigger that can be used for event selection 
 

6. Maintain functionality in a 50 Gy/year radiation environment with light yield  
loss < 10% 
 
 
 

crystal size 

rM 

tscint, 

tint 

tr 

tr 

rad 

hardness 

tr 

500-5000 
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Effect of background on conversion electron resolution 

• “Salt and pepper” background included in energy clusters 

• Deteriorates energy resolution 

At PX Stage 1, 

requirements can 

likely be met by 

shortening  

integration time.  

 

Tracker ?????? 

 

At later stages, 

either a new 

technique or a 

faster crystal will 

be needed 
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Scintillation pulse shapes 

BaF2 

Ren-yuan Zhu 
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• "If a tree falls in a forest and no one is around to hear it, does it  

  make a sound?” 

• "If a crystal emits light and no one is around to see it, does it  

  scintillate?” 

• BaF2 is among the fastest scintillating crystals (0.6-0.8ns), but it has 

   a larger, slower, component (630ns) 

 

 

"If a tree falls … 

85% 

630 ns 
15% 

600-800 ps 

Total light output  

 1.2 x 104 photons/MeV 
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• "If a tree falls in a forest and no one is around to hear it, does it  

  make a sound?” 

• "If a crystal emits light and no one is around to see it, does it  

  scintillate?” 

• BaF2 is among the fastest scintillating crystals (0.6-0.8ns), but it has 

   a larger, slower, component (630ns) 

 

 

"If a tree falls … 

Total light output  

 1.2 x 104 photons/MeV 

 Can solar blind SiC  

APDs, which  

now exist at 100 m  

diameter, be made  

larger, and combined 

with a thin film optical 

filter, to make BaF2 a 

truly fast scintillator? 
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Ren-yuan Zhu 

A fast crystal “figure of merit” 

Motivates R&D on fast  

crystals and appropriate  

solid state readout 
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Fast scintillating crystals 

Ren-yuan Zhu 
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g-2 has calorimeters to detect the decay electron 

24 calorimeter stations 

Scallop vacuum chamber 

Lead scintillating fiber 

calorimeter with PMTs 

Full waveform digitized 

Peter Winter 
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Design constraints 

37 

• E821 Instantaneous rates: 
– At ~25 s after injection, E > 1 GeV:  Each calo sees up to 0.9 MHz 
– With “no” threshold, the rate is up to 1.8 MHz  

 

• New Experiment Challenge: 
– Determine average rate; it could be higher (up to 3x !)  
– How to manage pileup and keep average rate on photo-detector “low”? 

 

hodoscope 

e+ 

X 

 Detector response:  fast scint 
 Pulse-to-pulse separation ~ 5 nsec 
  

 Gated off for ~10 s was required 
 Back on in 1 s to 99.9% of gain 

 Stability of gain a challenge (need <0.1%, 

full simulation required) 
 

 Pileup algorithms clever,  

 But, 0.08 ppm systematic remained from 

percent-level pileup (see later) 

 

Peter Winter 
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Candidate radiators 

38 

Material PbF2 PbWO4 

(undoped) 

W / SciFi 

Type Cerenkov Cerenkov  

+ Scintillation 

Sampling 

Radiation length 0.93 cm 0.89 cm 0.69 cm 

Moliere radius 1.8 cm 

(Cerenkov) 

2.0 cm 1.73 cm 

Typical resolution 3 – 5 % 2 – 5 % 12 % 

PbF2 Cerenkov spectrum 

Peter Winter 
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PbF2 prototype 

39 

Front face 
Peter Winter 
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Photodetector choices: SiPM vs PMT 

40 

                        PDE = QE     

           avalanche prob.   geometrical fill factor 

Hamamatsu R9800 

SiPM QE 

Peter Winter 



Struck digitizer: 500 MHz, 8bit 

Peter Winter 



SiPM and employed electronics not optimized for signal duration in this test! 

Peter Winter 
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Light yield at 4 GeV 

43 

s / E (1GeV)  5 % s / E (1GeV)  9 % 

Active area: 500 mm2 Active area: 90 mm2 

Peter Winter 
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• Laurie Littenberg and Andrei Poblaguev discussed KOPIO 

–  0 detection with a preradiator and a shashlyk calorimeter 

 

• Corrado Gatto and Anna Mazzacane discussed ORKA 

– Shashlyk and ADRIANO options 

 

• Elizabeth Worcester discussed the KTeV caloroimeter in detail 

 

Kaon experiments 
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The Challenge of KOPIO 

45 

• “Nothing in – Nothing out” 

• B(KL 
0) ~ 310-11  need huge flux of K’s 

– rates inevitably rather high 

• Kinematic signature weak (2 particles undetectable) 

•   

0 - related backgrounds with up to 1010 times larger 

• Veto inefficiency on extra particles must be 10-4 

• Huge flux of neutrons in beam 

– can make   
0 off residual gas – require high vacuum 

– halo must be very small 

– hermeticity requires photon veto in this beam 

• Need a convincing measurement of background 

Laurie Littenberg 
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Calorimetry for a KOPIO-type experiment 

46 

Laurie Littenberg, Andrei Poblaguev 
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Calorimetry for a KOPIO-type experiment 

47 

Laurie Littenberg, Andrei Poblaguev 

CW linac and pencil beam at  

Project X are an advantage here 
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The KOPIO calorimeter challenge 

48 

• Dealing with rather low energy photons 

• Must measure photon direction well  

– at least 25mr at 250MeV 

• Must measure energy very well  

– at least 3%/√E 

• (In the AGS version, these two functions were spread 

between two systems – better if one system could do both) 

• Must measure time to ~100ps/√E 

• Must serve as super-efficient veto!  

– No dead material 

• Must do all this in the presence of very high rates. 

Laurie Littenberg 
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Preradiator – convert & measure  properties 

49 

Extruded 

Scintillator & 

WLS fibers 

Cathode 

strip  

drift 

chambers 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

 e+ 

e-  

64 Layers (4% X0/layer, 2.7 

X0) 256 Chambers                          

288 Scintillator Plates (1200 

m2) 150,000 Channels 

Readout 

4m 

Laurie Littenberg 
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Shashlyk photon calorimeter 

50 

APD 

Shashlyk modules were prototyped 

and tested in beams   

All required specs were met 

Laurie Littenberg 
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• sE = 2.7%/√E 

• st = 90ps/√E 

• sq = 25mr @ 250 MeV 

• sx,y = 250 

• sh = 10-4/ 

 

KOPIO specs and tradeoffs 

Photon Inefficiency 

1 MeV visible energy threshold  

90o incidence angle 

Parameter variations 

Laurie Littenberg 
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The               shashlyk module 3% / E

Andrei Poblaguev 
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Energy resolution 

Andrei Poblaguev 



David Hitlin          PXPS EM Calorimetry Summary         June 2012 54 54 

Shashlyk energy resolution: exp vs simulation 

Andrei Poblaguev 

(K+ + e-) 

(K+ 0 ) 
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Photon detection inefficiency 

The effect of the holes is negligible if incident angle > 5 mrad 

Andrei Poblaguev 
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Coda on calorimetry for K+ 
 

56 

• Situation is much different – signal is not photons! 

• Emphasis on vetoing – need similar vetoing as in neutral mode, but 

can afford to sacrifice everything else to it 

– i.e. no need to accurate determine the direction of the photons 

– resolution not crucial except insofar it is correlated with efficiency 

• Photon analysis important in “other” physics quarries 

– Note that the stopping geometry is an impediment in many otherwise 

appealing processes.   

– Acceptance tends to be a strong function of energy for charged particles 

– The stopping target presents unavoidable material 

– RS forces non-uniform nature of photon detection. 

• Be good if the whole detector was part of the calorimetry 
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ORKA calorimeter schematic 

Corrado Gatto 75 kW 
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•  
0 rejection >106-107 

  inefficiency < 10-3-10-4 above 20 MeV for angles 90° – 20 °  

– Sensitivity down to a few MeV 

– Depth > 20 X0 

– Accidentals rate: 0.011/MHz (to keep same accidental rate as E949) 

– Max scintillator decay time: 8 ns 

– Energy resolution 10-15% @ 200 MeV (from E949 – study needed) 

– /n discrimination desirable 

• Light yield ~1 pe/MeV 

• X0 < 3cm; <r> > 3 g/cc 

• Energy threshold chosen as  a compromise between low inefficiency  

and low accidental rate 

• Inorganic scintillator and/or Cerenkov radiator 

•       Dual readout calorimetry 

 

ORKA calorimeter requirements 

Corrado Gatto 
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59 

ORKA endcap calorimeter 

• Re-use E949 endcap calorimeter 

• 25 cm undoped CsI crystals 

– 13.5 X0 (may not suffice for ORKA) 

– 10 ns decay time (+slow component) 

– DE/E = 10.6% for 0 from K2 decays (245.6 MeV) 

Corrado Gatto 
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ORKA candidate barrel calorimeter technologies 

Corrado Gatto 
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Shashlyk issues 

Corrado Gatto 
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ADRIANO – A Dual-Readout Integrally Active Non-segmented Option 

Corrado Gatto 
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ADRIANO light yield and hadronic resolution 

Corrado Gatto 
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ADRIANO EM resolution 

Corrado Gatto 
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ADRIANO for ORKA baseline 

Corrado Gatto 
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Pb glass vs. PbF2 

Corrado Gatto 
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Overcoming limitations of a 2D calorimeter 

Corrado Gatto 
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PID in a dual readout calorimeter 

Corrado Gatto 
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Adding the 3rd dimension with time division 

Corrado Gatto 
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Adding the 3rd dimension with light division 

Corrado Gatto 
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Fabrication technology 

Diamond machining Precision molding 

Corrado Gatto 
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ORKA calorimeter conclusions 

Corrado Gatto 
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Comparison of Shashlyk and ADRIANO 

Anna Mazzacane 
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ORKA simulation conclusions 

Anna Mazzacane 
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       oscillations nn

Yuri Kamyshkov 
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Annihilation detector for   nnX
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• There is no “perfect high energy photon detector” 

• Differing requirements of individual experiments mandate experiment-

specific development 

– A foundation of generic R&D, initiated sufficiently ahead of 

specific applications to bear fruit, can prove very useful in 

broadening choices and optimizing configurations 

• Some generic observations 

– Experiments planned for the coming decade can typically exploit 

reasonable extensions of known technology for their calorimeters 

– Some R&D will be required for certain calorimeters to function at 

Project X Stage 1 

– At full Project X intensities, it may be necessary to fundamentally 

rethink experimental configurations 
• Extrapolations of known technologies may or may not be apropos  

Conclusions 
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• It is likely that several proposals for both experiment-specific and 

generic calorimeter R&D will emerge from these activities 

• Discussions with Glen Crawford on Wednesday clarified the R&D 

situation somewhat (labs vs. new FOA for universities, both in KA15), 

but we need to understand a bit more to be able to move forward in a 

manner responsive to Program Office priorities 

 

– LOIs (strongly encouraged) – July 16 5:00PM EDT 

– Proposals                             –  September 10 11:59PM EDT 

Conclusions II 
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KTeV CsI calorimeter – 00 reconstruction 

Elizabeth Worcester 
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Small details matter 

wrapping 
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KTeV calorimeter - conclusions 


